Abstract Relatively scant chemical information has been available on the proteinases and peptidases of spirochetes in spite of the association of spirochetes with several serious infections known to plague humans and other animal species. This situation has partly resulted from difficulties in growing some spirochetes under laboratory conditions. The cells of Treponema denticola, a spirochete suggested to be associated with periodontal infections, have turned out to be a good source of new chemical information on those enzymes. Latest studies suggest that the outer cell envelope or the periplasmic space of T. denticola contains several novel proteinases and peptidases (hence called "ectoenzymes") which may contribute to the chronicity of periodontal infections. Some of the oligopeptidases discovered are specific for proline-containing host tissue peptides such as substance P, bradykinin, neurotensin, etc., and possibly small collagen fragments. The only spirochetal peptidases purified to give a single band on sodium dodecyl sulfate-polyacrylamide gel electrophoresis have been obtained from T. denticola. One particular peptidase, suggested to be similar to the oligopeptidase B (EC 3.4.21.83) of Escherichia coli seems to be present in the cell envelope or in the periplasmic space at quite large concentrations. The presence of this and several other peptidases in the outer cell structures of the treponemes suggests that such enzymes are important for the nutrition of these highly motile and invasive organisms. The biological role of these enzymes can thus be envisaged in the peptidolytic processing of host tissue proteins and peptides to gradually smaller molecules to fulfill the nutritional requirements of these organisms. Although the genetic similarity between T. denticola and some other treponemes and spirochetes can be hotly debated, it is nevertheless now possible to use T. denticula enzymes as suitable objects for comparison when the chemistry of other spirochetes is studied.
Introduction
The spirochetes (order Spirochaetales) are helical, highly motile and invasive bacteria which are associated with a large number of eukaryotic cells. Based on ecological, morphological and physiological criteria, five spirochete genera have been classified: Leptospira, Spirochaeta, Christispira, Treponema, and Borrelia [19] . Some spirochetes are pathogenic to humans causing syphilis, bejel, pinta, yaws, intestinal disorders, relapsing fever, Lyme disease, leptospirosis, destructive periodontitis, ulcerative gingivitis, avian spirochetosis, swine dysentery, and other diseases [5, 19, 27, 59] . The human and animal gastrointestinal tract and the urogenital areas of humans and other animals harbor several different spirochetes, most of which have been cultivated [19] . Treponemal infections are ancient diseases which have plagued humans and other animals from times immemorial [58] .
In no case is the detailed mechanism of the chemical aggressiveness of a pathogenic spirochete known. Proteolytic enzymes present in the outer cell wall or in the periplasmic space of the cells, among other factors, have been suggested to play a role [22] . In general, bacterial cell surface products or particles such as endotoxins, lipoteichoic acid, capsules, vesicles, mucopeptides, peptidoglycans and other factors, may contribute to inflammation in addition to true enzyme proteins. Several inflammation-associated bacterial factors have been given dubious "-lysin"-ending names. Quite frequently such factors have turned out to be hydrolytic enzymes. Although the molecular-level pathogenesis of spirochetal infections is poorly known, significant advances have been made in the treatment of some infections, such as Lyme disease. Venereal spirochetoses have long been treated by antibiotic therapy [59] .
The molecular mechanism of spirochetal infections is poorly known largely because most spirochetes are ex-tremely difficult to grow outside the mammalian host, not to mention mass-culturing spirochetes for large-scale enzyme purification and characterization. The cells of T. denticola can be mass cultured [37] .
It has been suggested that all treponematoses are caused by the same organism [21] . Although this idea has not received much support, there may be similarities between the oral disease-associated T. denticola and the syphilis-causing T. pallidum [21, 22, 56] , and between intestinal spirochetes from human and other animal species [26] . Riviere et al. [56] identified the organisms associated with acute ulcerative gingivitis as T. pallidum-related spirochetes. Provided that such a bacterial cognation can be vindicated, it is possible that the easily cultivable T. denticola can indeed be exploited as a model for T. pallidum and a number of other spirochetes, until the latter can be grown outside the mammalian host for in-depth chemical characterization. However, this issue is subject to a hot debate at this stage, since most spirochete experts have not been willing to accept any cognation (other than "genus-based") between the treponemes. The present authors predict a gradual softening in this stand. T. denticola has anyway received considerable attention as a producer of peptidases and proteinases. In fact, the cells of T. denticola can be figuratively regarded as "motile enzyme packages or hydrolytic work benches equipped with a powerful and versatile proteolytic and peptidolytic armamentarium immobilized in the outer cell envelope" [42] .
The aim of this review is to consider the peptidolytic profile of spirochetes, and was prompted by recent advances made in the field: it is likely that the "ectopeptidases" associated with the outer cells envelope of the spirochetes attack host tissues directly by proteolytic digestion. Such enzymatic processes can lead to serious clinical ramifications. Another rationale behind this review can be seen in the increasing interest in Lyme disease, the oral treponemal infections, and venereal and non-venereal treponematoses in general. More emphasis will be placed on T. denticola than other spirochetes, owing to the comparatively large number of studies carried out on this organism. De facto, the only spirochete peptidases purified to homogeneity and characterized, have all been obtained from T. denticola. This review will hopefully stimulate enzyme studies in other spirochetes as well. The role of proteinases and peptidases in spirochetal infections should not be overestimated, either. Some spirochetes seem to lack effective ectopeptidases, being predominantly involved in other hydrolytic enzyme catalyses. B. burgdorferi (which causes Lyme disease) seems to produce no endogenous proteinases for the digestion of extracellular matrix proteins [23] . All microbial cells do contain several peptidolytic enzymes which are needed in the cellular intermediate metabolism, cellular protein turnover, cell division, and other events, but such enzymes may not be directly involved in pathogenicity.
Evidence of the tissue-destructive capacity of spirochetes Exploiting the terminology used by authors of reports published on the pathogenic potential of some spirochetes (Table 1), one can conclude that these organisms are indeed associated with quite diverse pathological phenomena and that the cell wall of some spirochetes is well armed with regard to factors that can directly elicit inflammatory tissue responses. Although peptidolytic processes may not be directly involved in all reactions listed in Table 1 , it is obvious, however, that they may contribute indirectly. Most peptidolytic activities discovered in spirochetes are listed in Table 2, while Table 3 lists those spirochetal peptidases and proteinases that have been purified to an SDS-PAGE pure form and chemically characterized.
Arginyl/lysyl oligopeptidase
This enzyme has been more thoroughly studied in T. denticola ATCC 35405 and T. denticola ASLM (a clinical strain isolated from the subgingival plaque of a periodontitis patient). The enzyme was previously called "trypsinlike" and "BAPNA-peptidas" or "BANA-peptidase." The activity levels of this enzyme in dental plaque, along with similar activities from Porphyromonas gingivalis, have been measured in numerous studies, and have been used in a diagnostic test for periodontal infections [28] .
Although the enzyme resembles trypsin with regard to some specificity and inhibition characteristics, its cognation with trypsin is more remote. The enzyme has, instead, been proposed to belong to the prolyl oligopeptidase (EC 3.4.21.26; POP) superfamily, and may be similar to E. coli oligopeptidase B (EC 3.4.21.83: OPB). Consequently, this enzyme is a true oligopeptidase instead of a proteinase such as trypsin [38] . Further proof on the close similarity of the OPB and the POP superfamily with the T. denticola enzyme can be obtained by comparing the available sequence homology data (Figs. 1, 2 ). Table 4 shows that there is considerable homology between the T. denticola OPB-like enzyme and several other proteins. It is obvious that several other bacterial enzymes which hydrolyse BAPNA or BANA, should in reality be regarded as OPB-like. For example, "Enzyme II" described by Shibata et al. [63] in Capnocytophaga gingivalis may be an OPB.
The enzyme is specific for substrates which have an Arg or a Lys residue with a blocked amino terminus in the oligopeptide structure. The enzyme hydrolyses true peptides such as angiotensin I and angiotensin II (which are hydrolyzed at Arg 2 -Val 3 ). Other substrates include Met-Lys-bradykinin and neurotensin [38] . The enzyme has been conveniently assayed using BAPNA as substrate which is optimally hydrolyzed in the presence of 1.0 mmol/l Ca 2+ . OPB is not a metallopeptidase. Its activity is suggested to depend on an active COOH group, on an active seryl res- The CTLP may play a role, affecting migrating and stratified epithelial cells [75] effects (in bold) on the left represent those made by authors. Some hemolytic and hemagglutinating effects, reported in several spirochetes, may also involve at least indirect peptidolytic reactions catalyzed by the pathogen's enzymes [14, 45, 60, 70, 77] idue, and perhaps on an active tyrosyl group; the latter one may not participate in substrate binding. The enzyme is relatively loosely bound to the outer cell wall structures where it is present at a relatively high concentration, and can be readily extracted in a highly active and stable form with 0.05% Triton X-100.
T. denticola endopeptidase ("FALGPA-peptidase")
The endopeptidase of T. denticola ATCC 35405, active on 2-furylacryloyl-L-Leu-Gly-L-Pro-L-Ala (FALGPA) and bradykinin, is most likely associated with the outer cell envelope. It is a true endopeptidase, and does not hydrolyze proteins [37] . The shortest hydrolyzable substrate seems to be FALGPA, the hydrolysis of which at the Leu-Gly bond is strongly and competitively inhibited by bradykinin (K i = 5.0 µM). The enzyme does not hydrolyze typical synthetic collagenase substrates (other than FALPGA), nor does it hydrolyze azocoll, azocasein, and type I and type IV collagen. However, a proposal was made that since a substantial portion of the amino acid sequence of FALGPA is present in collagen (and additionally acknowledging the close structural resemblance between proline and the FA moiety of FALGPA), the natural substrates of this enzyme 
may be small, soluble collagen fragments [37] . This enzyme was initially purified from sonicated cell extracts. However, washed whole cells also hydrolyze FALGPA, and it is thus likely that this enzyme is present in the outer cell structures.
Proline-specific endopeptidase
An endo-acting proline-specific endopeptidase (POP) was purified from mild Triton X-100 extracts of the cells of T. denticola ATCC 35405 [41] . The minimum hydrolyzable peptide size was tetrapeptide P 3 P 2 P 1 P′ 1 , while the maximum substrate mass was about 3 kDa. An imino acid residue in position P 1 is absolutely necessary. This Treponema enzyme has considerale homology with the Aeromonas hydrophila POP and with the POP precursor of Flavobacterium meningosepticum. Since the T. denticola POP hydrolyzes various proline-containing human bioactive peptides as a high rate, it was suggested that the enzyme contributes to the chronicity of infections by participating in the peptidolytic processing (inactivation) of such peptides [41] .
Chymotrypsin-like proteinases
Two research groups initially reported on chymotrypsinlike proteinase (CTLP)-like activity in the cells of T. denticola. One enzyme was partially purified from the ATCC strain 35405 [74, 75] and was suggested to be attached to the outside of the cell envelope [17] . Another group reported the isolation and characterization of a CTLP from the same ATCC strain, after cloning the proteinase in E. coli [1, 54] . The molecular mass of the latter enzyme was reported to be about 30 kDa, while the former CTLP has a mass of about 95 kDa. Based on the reported enzyme characteristics, it appears that the proteinase described by Uitto et al. [17, 73 -75] in the sonicated cell extract, is identical to the CTLP purified by conventional fast protein liquid chromatography (FPLC) techniques from a mild Triton extract of T. denticola ATCC 35405 [42] , but differs from the enzyme described by Kuramitsu's group [54] . The activity of both enzymes has been determined using SAAPFNA as substrate (see Table 2 ). In studies designed to elucidate the peptidolytic inactivation of substance P by washed whole cells of T. denticola ATCC 35405, it appeared that the Phe 8 -Gly 9 bond of this peptide was hydrolyzed at a fast rate by a membrane- Fig. 1 A Alignment of amino acids present in the N-terminal (undigested) end of the Treponema denticola oligopeptidase (I) and the Escherichia coli oligopeptidase B (OPB) (II). Identical amino acid residues have been shaded. B Alignment of amino acids present in E. coli OPB and in a peptide fragment of the T. denticola enzyme, obtained by means of CNBr cleavage. Identical amino acid residues have been shaded (60%) while those residues that are chemically related (sum of identical and related = 75%) are indicated with a dot. The T. denticola oligopeptidase is most likely an OPB a Previously known as BANA-peptidase, BAPNA-peptidase, or "trypsin-like" enzyme b Arakawa and Kuramitsu [1] , and Que and Kuramitsu [54] have reported on the isolation and characterization of the gene coding for CTLP from T. denticola ATCC 35405, and on sequence analysis of the enzyme c T. phagedenis (Reiter) aminopeptidase [69] was obviously also obtained in a relatively pure form bound enzyme. Subsequent purification and characterization [42] proved this enzyme to correspond to the CTLP discovered by Uitto et al. and Grenier et al. [17, 73] . The purification of the enzymes is hampered by its association with large membrane structures, but can be accomplished using polymyxin treatment. Without this treatment, the Triton-extracted enzyme appears on FPLC on a Superose 12 column in the void volume, giving a false molecular mass of 500-600 kDa for the enzyme itself (owing to association of the proteinase with membrane structures). After polymyxin treatment the enzyme gives a molecular mass of 95 kDa. The enzyme shows some strict specificity requirements, hydrolyzing the P 1 P′ 1 bond in the sequence -P 2 P 1 P′ 1 P′ 2 -, where P 1 is preferably a Phe residue, while P 2 if preferably a Phe or a Pro residue (Leu, for example, can occupy position P 2 , but leads to a much slower rate of hydrolysis). Val in position P 1 does not result in any hydrolysis. This enzyme hydrolyzes proteins (fibrinogen, gelatin, histone, casein, etc.) and peptides that meet the above specificity requirements. There is no Pro-Phe sequence in insulin β-chain, but this peptide is still hydrolyzed at a fast rate between Leu and Tyr in sequence P 2 P 1 P′ 1 = Ala 14 26 . These specificity features suggest that the CTLP has a relatively extended active site. The enzyme activity depends on an active seryl residue, but not on SH groups or metal cations. Chymostatin is a potent inhibitor of the enzyme. In standard SDS-PAGE (i.e. including treatment at 100°C) this protein shows three different molecular forms, all with a mass < 95 kDa [42, 73] . The CTLP molecule was suggested to contain proline-rich regions [42] characteristic of some proteins involved in binding interactions [78] . A role for the CTLP in the invasion and destruction of basement membrane was proposed [17, 73] .
CTLP-like cell-bound activity was reported in the cells of T. denticola ATCC 33520 [48] . The characteristics reported for this enzyme do not, at this stage, entitle its identification with the CTLP of strain ATCC 35405.
Proline iminopeptidase
There is limited chemical information on bacterial proline iminopeptidases (PIPs). The only studies on a spirochetal PIP have dealt with the T. denticola ATCC 35405 enzyme which was regarded as a "dominant" aminopeptidase in ultrasonically prepared cell extracts [33] . The high PIP activity, determined with Pro-2NA, was indeed striking, since other aminoacyl 2NAs were hydrolyzed at a much lower rate, suggesting that this activity may be quite vital for the organism. The biological role of the enzyme in the metabolism of the spirochete has not been established, but the enzyme may contribute to the completion of the peptidolytic processing of proline-containing peptides. Whether such peptides are derived from the host's collagen or proline-containing bioactive peptides, such as hormones, kinins, neurotransmitters, or salivary proline-containing peptides, remains an intriguing question. It is also possible that the high proline content of some treponemal cell surface proteins and the high PIP activity of the cell envelope, are interrelated properties. The PIP itself contains a relatively large number of proline residues [39] .
The enzyme is activated by NaCl at physiological salt concentration, hydrolyzes Pro-pNA optimally at pH 7.5-8.0, and does not require metal cations for full activity. The purification of the enzyme from Triton X-100 extracts of T. denticola was complicated by the cofractionation of a large component with a mass approximately 500 kDa [39] . After successful purification, it appears that this PIP has a mass of 120-144 kDa and represents a tetramer, the minimum molecular mass of the monomer being approximately 32 kDa. The activity levels of the PIP vary greatly from strain to strain, and also depend on growth conditions [68] .
PZ-PLGPA peptidase
The systematic classification of the enzyme trivially called PZ-PLGPA peptidase is not clear. The enzyme has been Identical amino acid residues have been shaded while those with the same polarity are indicated with a dot. The percentage figures indicate the relative amount of identical residues and the sum of identical and chemically related residues, respectively. The putative active site aspartic acid residue has been circled. The T. denticola oligopeptidase is most likely an OPB demonstrated and partially characterized in T. denticola ATCC 35405 and in several of its clinical isolates [32, 36] . The cells of T. vincentii ATCC 35580 and T. socranskii also display activity on PZ-PLGPA which is hydrolyzed at the Leu-Gly bond by the enzymes present in these organisms [36] . The rationale of using PZ-PLGPA as a substrate in Treponema studies lies in the suggestion that this molecule, along with FALGPA, may be used as a substrate by microbial collagenases. Both peptide derivatives can, however, be hydrolyzed by enzymes other than collagenases and it is not known at present whether the hydrolysis of PZ-PLGPA by the treponemes indeed involves "true" collagenase action. However, the concept of "true collagenase" has also changed.
The extracts of ultrasonically treated cells of T. vincentii ATCC 35580 contained two enzymes hydrolyzing PZ-PLGPA, one with a molecular mass of approximately 75 kDa, the other with a mass about 23 kDa (based on molecular permeation FPLC) [34] . The larger form hydrolyzed gelatin (the smaller one was not tested), and both forms were sensitive to p-chloromercuribenzoate (pCMB) and were moderately inhibited by metal chelators (although a metalloenzyme nature was not established with certainty). Both the T. denticola and the T. vincentii enzymes were similar in their reactions with pCMB and metal chelators.
γ-Glutamyl transpeptidase activity
A convenient substrate for the measurement of this enzyme activity is γ-glutamyl-pNA. γ-Glutamyl transpeptidase (GGTP) activity was demonstrated in the cells of T. vincentii ATCC 35580 and T. denticola ATCC 35405 [32, 34] . A similar enzyme was partially purified from Fusobacterium nucleatum, another prospective periodontopathogen [35] , and was active on γ-glutamylcysteinylglycine (glutathione). The presence of cell-associated GGTP in periodontal pathogens may be significant since these enzymes may contribute to the metabolism of glutathione, or break down γ-glutamyl linkages present in the connective tissue, or act in general in γ-glutamyltransferase reactions. A GGTP was purified to homogeneity from Table 4 Homology of various T. denticola OPase peptide sequences with those of known proteins (the length of the latter, in number of amino acid residues, is shown in parentheses). Identical amino acids are indicated by a vertical line. The two figures at the end give the percentages of identical amino acid residues and of those with the same polarity, respectively. The T. denticola OPase sequence in number 6 is preliminary a mild (0.5%) Triton X-100 extract of the cells of T. denticola 35405 [40] . This enzyme gives a molecular mass of approximately 213 kDa in FPLC, but breaks down into 26-kDa forms in SDS-PAGE (to be reported).
Selective effect of the gaseous environment
The gaseous environment understandably effects the growth of the spirochetes. There is preliminary information on the effects of the growth atmosphere on the activity levels of cell-associated peptidases [68] . The activity levels of the OBP-like enzyme were not appreciably affected by the gaseous atmosphere, wherease the PIP activity varied significantly depending on the composition of the gaseous environment, anaerobic growth conditions being associated with higher specific activity than aerobic conditions.
Selective effect of Cl -It is not surprising that Cl -exerts quite diverse chemical effects on enzyme proteins. The activity of treponemal peptidases seems to depend selectively on Cl -. This property can perhaps be utilized to differentiate some of those peptidases with overlapping specificities. For example, among the T. denticola cell-associated enzymes, FALGPA peptidase is inhibited by Cl -, while the activities of the POP, PIP and GGTP are strongly increased by Cl - [30, 32, 34, 35] . However, these effects depend on the buffer used. Very low, physiological levels of Cl -may cause significant increase of PIP activity [39] , while higher salt concentrations may be slightly inhibitory [41] .
Such chloride effects may be partly unspecific. However, they may reflect an evolutionary dependency of some of the pathological peptidolytic processes on the specific [Cl -] provided by the host. Even the gingival crevicular fluid may contain sufficiently high Cl -levels to be utilized by peptidases present in periodontopathic treponemes [9] . A mammalian enzyme, aminopeptidase B (EC 3.4.11.6), suggested to play a role in the extracellular inflammatory processes, is specifically activated by physiological [Cl -] [30, 31] . The above Cl -effects can be used as an additional identification procedure of spirochetal peptidases.
Peptidolysis caused by whole cells
From the pathological point of view it is important to observe that several peptidolytic enzymes described in this review -perhaps most of them -seem to be located in the outer cell envelope or in the periplasmic space. Such information has by and large been derived from studies on T. denticola, but offers interesting points of comparison for studies with other spirochetes as well. In fact, for enzyme purification and localization studies, it is advisable to first use mild detergent extracts of washed whole cells rather than ultrasonic treatment or other disruptive procedures. Ultrasonic treatment can be used to disintegrate more tightly bound enzyme-organel complexes. At this laboratory, virtually all peptidolytic reactions, first described with sonicated cell extracts, have also been observed to be caused by extracts of washed whole cells which frequently catalyze such reactions much faster than the former preparations. Microscopic examination of whole cells after those reactions have shown the cells to remain morphologically intact. It is important to observe that small substrate molecules may enter the periplasmic space of the cells, to be hydrolyzed by peptidases located within that cell compartment, while larger molecules can be hydrolyzed by enzymes located on the outer cell surface. The ready hydrolysis of various tissue proteins [74, 75] and human bioactive peptides [41, 42] by the ectoenzymes of T. denticola exemplify reactions that may be vital to the propagation of the spirochetes, and important in human spirochetal infections.
Proline specificity of treponemal peptidases
Proline-specific peptidases (PSPs) were designated as those enzymes that prefer the hydrolysis of peptide bonds that involve an imino acid residues at or near the scissile bond (in the treponemes, proline -not hydroxyprolinehas been involved in most of such reactions). Attention was paid to the existence of such enzymes in the cell extracts of T. denticola owing to a rapid hydrolysis of peptides that meet the above structural requirements. Enzymes that were thus regarded as PSPs include the FALGPA peptidase [37] , the POP [41] , the enzyme that hydrolyzes PZ-PLGPA [36] , and the PIP [39] . It is possible that such specificity requirements are coincidental, or that the natural substrates of these enzymes are indeed proline-containing peptides (for the PIP this requirement is obvious). It is possible that the true in vivo substrates of those PSPs include human bioactive proline-containing peptides, small collagen fragments, and proline-rich salivary peptides.
Trypsin-like enzymes
The peptidase and proteinase literature is replete with information on trypsin-like enzymes whose identity with trypsin (EC 3.4.2.4) is, however, in many cases equivocal. It may not always be appropriate to call an enzyme trypsin like, even if the enzymes is active on synthetic trypsin substrates (such as BANA and BAPNA), or is inhibited by some trypsin inhibitors. As pointed out above, the evolutionary relationship between the treponemal "trpysin-like" proteinases and trypsin may be more remote, the former being often more closely related to enzymes of the POP superfamily. The T. denticola trypsin-like enzyme [38, 51] is most likely an OPB (an enzyme first described in E. coli).
The proteolytic profile of spirochetes other than treponemes
Regrettably scant information is available about the proteinases and peptidases of spirochetes other than T. denticola. The cells of B. burgdorferi, B. hermsii, and those of leptospires and serpulinas do exhibit arylamidase activities [7] , but none of these enzymes has been characterized, and no firm conclusions on their biological role has been presented. The present authors predict that several of the enzymes present in the cells of T. denticola will also be demonstrated in T. pallidum.
